To investigate functional and macular pigment (MP) changes in patients with early age-related macular degeneration (AMD) after multiple supplementation with lutein and zeaxanthin. Methods 112 patients with early AMD were randomly (1:1:1:1) assigned to receive 10 mg lutein, 20 mg lutein, lutein (10 mg)+zeaxanthin (10 mg), or placebo daily for 2 years. MP optical density (MPOD) was recorded at baseline, 48 weeks and 2 years. Retinal sensitivities were measured by multifocal electroretinogram for peak-totrough amplitude (N1P1) at baseline and at 48 weeks, and in terms of microperimeter-determined mean retinal sensitivity (MRS) at 48 weeks and 2 years.
INTRODUCTION
Age-related macular degeneration (AMD) is a chronic, progressive, degenerative eye disease affecting the central cone-rich region of the retina responsible for highest visual acuity. 1 2 It has become the major cause of legal blindness in the elderly, in both developed and developing countries. 3 It has been shown that oxidative stress related to low-grade inflammation and hypoxia in the outer retina are important in the pathogenesis of AMD.
1 This is consistent with the idea that low macular pigment optical density (MPOD) might be a risk factor for AMD, because the components of macular pigment (MP), the macular carotenoids (lutein, zeaxanthin and meso-zeaxanthin), show potent properties as antioxidants. 4 Indeed, many large observational studies have shown an inverse relationship between the dietary intake of lutein/zeaxanthin and risk of AMD. 5 6 Data from intervention studies also suggest that supplementation with macular carotenoids may increase MPOD and improve visual function in patients with AMD. [7] [8] [9] However, some AMD trials have found that, although MPOD increased after lutein supplementation, visual function did not show significant improvements. 10 11 This may be because significant morphological changes do not adversely affect retinal function at the earlier stage, leaving little room for measurable improvement. 12 13 This supports the notion that early intervention might be more effective in enhancing or maintaining visual function.
14 Also, limited use of sensitive visual measurements, such as microperimeter (MP-1) and multifocal electroretinogram (mfERG), the two objective and appropriately localised approaches, may have precluded identification of clinically important visual benefits of supplementation with macular carotenoids. 8 13 The above explanations prompted this study, which is designed to investigate the effects of supplementation with macular carotenoids on early AMD using more sensitive measurements. Unfortunately, few studies have focused on early AMD, or used both mfERG and MP-1 to evaluate retinal function after supplementation. Further, although zeaxanthin and meso-zeaxanthin are the dominant carotenoids in the central macula, few studies have reported on supplementation with high doses of zeaxanthin in combination with lutein. 7 Thus, the purpose of this study was to determine the effect of lutein/zeaxanthin supplementation on MPOD and retinal functions, and how increasing MPOD might affect retinal sensitivities measured by MP-1 and mfERG.
MATERIALS AND METHODS
In this randomised, double-blind, placebocontrolled trial, 112 patients with early AMD from Beijing, China were investigated. Each subject was screened, and had a clinical diagnosis of early AMD (defined as the presence of soft drusen and/ or retinal pigmentary abnormalities, with no signs of late AMD) according to the Age-Related Eye Disease Study System. 15 Other inclusion criteria were age over 50 years, clear ocular media, and consent to adhere to the study regimen. Those who had other ocular disorders, unstable systemic or chronic illness, or had consumed dietary supplements containing carotenoids within the previous 6 months were excluded. Approval from the medical ethics committee of Peking University was obtained, and the study was performed in Clinical science accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from all subjects. Subjects were randomly assigned to take 10 mg lutein, 20 mg lutein, lutein (10 mg)+zeaxanthin (10 mg), or placebo daily for 2 years. The randomisation sequence with stratification by baseline MPOD was computer generated using a permuted block design with block size of 8. Data on possible risk factors for AMD were collected from baseline examinations, questionnaires on characteristics and demographic data, and a validated foodfrequency questionnaire. MPOD was quantified at baseline, 24 weeks, 48 weeks and 2 years. Retinal sensitivities were measured by mfERG at baseline and 48 weeks, followed by MP-1 at 48 weeks and 2 years. All ophthalmic examinations were performed by the same technicians from Peking University Eye Center, Peking University Third Hospital. All subjects, examiners and study staff were blinded to treatment assignment, and all capsules were identical in appearance. Subjects were required to maintain their normal dietary and living routines, and to pay a monthly visit to the office to receive capsules for the following month and send back the remaining capsules with a daily check list. Subjects were encouraged to report any adverse effects immediately, and were asked specifically about adverse events such as carotenoderma during visits.
MPOD was measured using fundus autofluorescence images taken with a confocal scanning laser ophthalmoscope (Heidelberg Retina Angiograph II; Heidelberg Engineering, Heidelberg, Germany) centred on the fovea, as detailed elsewhere. 16 mfERG readings were recorded and analysed with the RETIscan system (V.3.21; Roland Consult, Brandenburg, Germany). Measurements were recorded in keeping with the guidelines of the International Society for Clinical Electrophysiology of Vision as detailed previously. 13 The mfERG responses were separated into six concentric rings, and the response amplitudes in each ring were measured by N1P1 response densities (amplitudes per unit retinal area in nV/deg 2 ). Microperimetry was carried out (Microperimeter MP-1; Nidek Technologies, Padova, Italy) with a fundus-controlled device including an eye-tracking system. For assessing visual threshold, a 4-2-1 staircase strategy was used, and a test grid with 41 stimulus loci covering an area of 10°was applied. The stimuli were projected on to a white background with black illumination set to 1.27 cd/m 2 and a stimulus presentation time of 200 ms. A red 3°cross was used as the fixation target. After pupil dilatation and dark adaptation for at least 10 min, subjects were asked to press the patient trigger to confirm when they perceived each stimulus throughout the examination. Standard explanations and training were provided before tests. The result was evaluated by mean retinal sensitivity (MRS) as the average sensitivity of the test loci at 1°, 3°and 5°eccentricities.
Sample size and statistical analyses
Our primary measure used to estimate sample size was the assumption of a 30% change in MPOD after treatment. 17 With a significance level of 5% and a dropout rate of 10%, we estimated that a sample size of 112 patients was needed to provide 80% power.
Statistical analyses were conducted using SPSS V.11.0 for Windows software. Baseline comparisons among groups were assessed using analysis of variance (ANOVA) or the χ 2 analysis. Skewed data were log-transformed for analysis. Within-group differences during the intervention were tested using paired t tests, and between-group differences at each time point were measured using analysis of covariance. Changes between groups over time were assessed using repeated-measures ANOVA including time×treatment interaction. The linear correlation between two variables was assessed using the Pearson test. p<0.05 was considered significant.
RESULTS
A total of 112 subjects were enrolled and randomised after screening of 334 candidates. Four subjects (3.6%) were excluded from analysis for failure to attend scheduled visits. Subject characteristics are shown in table 1. Dietary intakes of lutein/ zeaxanthin and other carotenoids were similar among groups, with slight changes during the trial (all p>0.05). No adverse events were observed or reported.
MPOD progressively increased after supplementation with lutein/zeaxanthin (all p<0.05), while no significant change was observed in the placebo group (table 2). The most significant increase from baseline was detected in the 20 mg lutein group after the first 48 weeks, while, at 2 years, MPOD in the 10 and 20 mg lutein groups were comparable.
As seen in figure 1 , N1P1 response densities in ring 1 showed significant within-group increases in all active treatment groups during the first 48 weeks, especially after supplementation with 20 mg lutein (86.8 nV/deg 2 ) and lutein+zeaxanthin (91.6 nV/ deg 2 ) ( figure 1A ), whereas the only significant increase from baseline in ring 2 was detected in the 20 mg lutein group (reflected as an increase of 32.8%, p<0.05) (figure 1B). No significant changes in response densities in rings 3-6 were seen in any group. Repeated-measures analysis showed a significant time effect on improving N1P1 response densities in ring 1 (p<0.001) and ring 2 ( p=0.02), and a tendency for a treatment effect in ring 1 ( p=0.06). While the change in N1P1 response densities in ring 1 and ring 2 correlated negatively with baseline MPOD, it correlated positively with the change in MPOD. No significant associations were found between MPOD and the change in N1P1 response densities in rings 3-6 (all p>0.05).
In contrast with the significant changes in N1P1 response densities from baseline to 48 weeks, we only observed a tendency toward improvement in MRS from 48 weeks to 2 years (all p>0.05). However, differences between the placebo group and active treatment groups in total MRS and MRS at different eccentricities were seen at 48 weeks, especially at 3°eccentricity (p<0.05) (figure 2A). At 2 years, in terms of MRS at 1°eccen-tricity, significant differences between intervention groups and placebo (10.32 dB) were only observed for the 10 mg (13.37 dB) and 20 mg (12.55 dB) lutein groups ( p<0.05) (figure 2B).
DISCUSSION
In this randomised controlled study, 2 years of lutein/zeaxanthin intervention resulted in a significant MPOD increase, as well as functional retinal improvement in terms of a significant increase in N1P1 response densities and a tendency toward improvement in MRS in the central retina of patients with early AMD.
There is evidence that low MP might be a risk factor for AMD, and the increase in MPOD following supplementation with macular carotenoids could benefit macular function in patients with AMD. 8 The significant rise and the similar level of MPOD after supplementation with 10 mg lutein and 20 mg lutein at 2 years is not counterintuitive given the known distribution and saturable incorporation of the macular carotenoids in the retina. 8 9 18 Since macular carotenoids accumulate in the central retina and decline dramatically with increasing retinal eccentricity, 7 it may not be surprising that our supplementation mainly affected retinal function in the central area. Similar to other studies, our research resulted in a significant increase in N1P1 response densities in the central retina (ring 1 and ring 2) after 48 weeks of intervention. 13 19 N1P1 response densities in ring 1 after supplementation with 20 mg lutein (86.8 nV/deg 2 ) and lutein +zeaxanthin (91.6 nV/deg 2 ) increased to a similar level to that in non-diseased controls in the study of Ma et al 13 (85.7 nV/ deg 2 ). The highest level seen in the lutein+zeaxanthin group might be explained by some of the retina-captured lutein isomerising to meso-zeaxanthin in the central retina during the period of supplementation and therefore increasing all three macular carotenoids in the retina to maximally exert the antioxidant effects of MP. 20 21 This rationale is also consistent with previous reports, both in non-diseased and AMD eyes, showing that supplementation with all three macular carotenoids offered more advantages in terms of MPOD response and visual performance. 9 22 23 Given the above findings at 48 weeks, we introduced the MP-1 test, since it might provide additional information on improvement of retinal function when no more changes can be detected from other visual tests. 24 We found significant differences in MRS in active treatment groups compared with the placebo group at 48 weeks, and a tendency toward improvement during the second year, indicating a possible continuous improvement in retinal sensitivities during the intervention. At 2 years, the most significant difference in MRS compared with placebo was observed at 1°eccentricity after supplementation with 10 mg lutein. This may be related to the continuous Clinical science augmentation of MPOD in the 10 mg lutein group during the same period. Our hypothesis is also supported by the significant association between MPOD and the changes in N1P1 response densities in the central retina seen in this study. All these correlations indicate that the change in MPOD is responsible for the change in retinal sensitivity, consistent with other studies. 13 19 Supplementation with macular carotenoids might improve retinal function by increasing MP in patients with early AMD. Improvement in retinal function as a result of MP augmentation is probably attributable to at least one of two mechanisms. First, prereceptoral filtration of blue light will attenuate the adverse effect of chromatic aberration and of veiling luminance on contrast sensitivity. 25 Second, the antioxidant effect of macular carotenoids may exert a beneficial effect in maculae afflicted with conditions known to result from oxidative stress, such as AMD. 21 There is a growing body of evidence that supplementation with macular carotenoids may also increase MPOD and visual performance in normal subjects without macular diseases. 22 It is possible therefore that the implications of our findings may be clinically valuable for both AMD and normal subjects. In other words, MP augmentation is likely to enhance visual performance and experience in the elderly by attenuating the deleterious effects of chromatic aberration and veiling luminance on contrast sensitivity, irrespective of macular disease status (as long as the condition is not in its advanced form). Such optimisation of vision is clinically important for vulnerable older adults, as it will render daily activities, such as driving, easier and safer. 22 There are limitations to this research. First, because of the highly selective criteria for subjects in this trial, our results may not be transferable to a broader population. Second, we did not include meso-zeaxanthin in our formula and did not have a zeaxanthin control group, which made it difficult to thoroughly discuss the effects of zeaxanthin and meso-zeaxanthin and their interactions with lutein supplementation. Third, our study cannot elucidate whether lutein/zeaxanthin supplementation is capable of reducing the progression of AMD, since neither the sample size nor the intervention period was sufficient to obtain such data. Further research is needed to evaluate the effect of macular carotenoids on progression of AMD.
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